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PHYSICAL PiiOPERTIES OF THE APGLLO 12 Lb?IAR FIN3S 

Apol lo  1 2  GraLn S ize  Analysis  

The Apollo 1 2  . lunar  f i n e s  were  s u b j e c t e d  to simtkr g r a i n  

s i z e  a n a l y s i s  t o  t h a t  c a r r i e d  o u t  r "or . the  Apollo 11 s m 9 l e  (1). 

The g e n e r a l  gppeerance and t h e  appearenze w d e r  t h e  n ic roscope  of 
. .  1 

a l l  samplzs of f i n e s  arc r a t h e r  sinii lar,  and the  m e a s u x d  o p t i c z l  

p r o p e r t i e s  a l s o  shox .small b u t  significant d l f f e r e n c e s  o n l y .  A I - -  

- though t h i s  t y p e  of uniTormity was expected as a conse2uence of  

ground-based o p t i c a l  obse rva t ions  of  t h e  moon, i t  n e v e r t h e l e s s  

has to be emphasized as a remarkable conc lus ion .  

The p a r t i c l e  . s i z e  d i s t r i b u t i o n  has been determinet!  by two 

methods: e l e c t r o n  rnicroscopy.and sedFmenta.t ion r a t e  i n  a colux:? 

of r:.ater. The first was descr ibed  i n  t h e  Apollo 11 r e p o r t  and i s  

of greatest  va lue  for p a r t i c l e  s i z e s  r ang ing  doxn f r o 3  10 microns 

t o  less t h a n  0 . 1  micron; i t  u t i l i z e s  scannifig e l s c t r o n  n i c r o g r q 2 s  

.of s m a l l  " s ec t ions"  of potider. The second Eethod u t i l i z e s  a 

. s ed imen ta t ion  colum! which has been improved and p e r f e c t e d  more 

r e c e n t l y .  

The water sed imenta t ion  column c o n s i s t s  of  a v e r t i c a l  p ipe  
- .  ,. 

70.9 crn long ,  t e r n i n a t i n k  be lox  i n  a c u b i c a l  box of o p t i c a l  gless 

. plate:  A photographic  flslsh gun i s  imased through a l a r g e  zper5ure . 

l e n s  w i t h  focus  j u s t  below the p o i n t  of e n t r y  of t h e  tube .  Flash 

synchronized  photographs are  taken  i n  a v i e x i n g  d i r e c t i o n  p e ~ p e 2 -  . 

d i c u l a r  t o  the d i r e c t i o n  o f  t h e  l i g h t .  S t r a y  and m u l t i p l y  scette?ed 

l i g h t  is c a r e f u l l y  excluded, and as a r s s u l t  t h e ' l i g h t  s c a t t e y e d  

by a p a r t i c l e  as small.as 1 micron g i v e s  8 p e r f e c t l y  recordzSle  

image. The trateT colunin is heated at t h e  t o p  and the tsapcraturt 

- .  
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Law assurninZ; them to be s p h e r i c a l .  $:'nile t h i s  i s  of course  not  

. a c c u r z t e , . t h e  o p t i c a l  and e l e c t r o n  n i c roscope  exernination s h o ~ e d  

. t h e  p a r t i c l e s  t o  be on t h e  whole r z t h z ?  compact shzpes ,  making b n i s  L' 

e r r o r  ra ther  small. 

is demonstrated b y  t a k i n g  t h e  pbotographs  i n  pa i r s  wi th  a short 

d u r z t i o n  i n  between, showing tnz t  each group of p a r t i c l e s  h a s  

sctt l .ed a dis tance in tha t  short t ime a p p r o p r i a t e  t o  i t s  s e ~ t l i n g  

Freedor;! fiwn d i s t u r b i n g  con-Jectior! i n  @he column 

time f ron  t h e  t o p .  

FOP an a b s o l u t e  neasu-renent this method would perhaps no t  

be s u f f i c i e n t l y  a c c u r a t e ,  bo th  f o r  're2sons of t h e  p a r ' i i c l e  sha?es 

and perhaps a l s o  t h e i r  unknom d e n s i t i e s .  

method is very good, and it i s  much e a s i e r  t o  accuinulate good 

s t a t i s t i c s  than by t he  nethod of cour?tine p a r t i c l e s  under the 

microscope. 

For a comparison t h e  

F igure  1 conpares the sma l l - s i ze  p a r t i c l e  size d i s t r i b u t i o n  

of the Apollo 11 b u l k  box with  t ha t  of t h e  Apollo 1 2  cont ingency 

sample; t h e  da t a ,ob ta ined  by e l e c t r o n  microscopy,are  p l o t t e d  as 

the  cunu la t ive  number, p e r  cub ic  c e n t i m e t e r ,  of  p a r t i c l e s  larger 

i n  s i z e  t h a n  t h e  a b s c i s s a  v a l u e .  

the number of p a r t i c l e s  counted i s  about  2000 i n  each case .  

. 

A p o r o s i t y  of - *  0.5 i s  assumed end .. 
The 

two curves  are very similar,  showing g r e a t e s t  d ivergence  a t  p a r t i c l e  

s i z e s  of a few microns; t h e  d i f f e ' r ence ,  which amounts t o  less t h i n  

-., 8 f a c t o r  2.5, is probably real .  Its s i g n € f i c a n c e  is shovrn a little 

more c l e a r l y  i n  F i g u r e  2 i n  which t h e  d i f f e r e n t i d  rather t h a n  
. .  

cumulated p a r t i c l e  d e n s i t y  i s  p l o t t e d .  
' 



-3- 
The Apollo 1? contingency sax.?le axl t h r e e  co re  sa:nples have 

been .analyzed by t h e  s e d l n e n t a t i o n  colurm method, t h e  comparisons 
-7 a r e  s h o m  on Figures 3 2nd 4 .  F~O:-: t h 2 s - e  curves  it riould appear  

t ha t  ' t h e  s u r f a c e  s r ~ p l e  f r o a  . @ , ? c I ~ ~ G  2.2 Fs slightly co-?rser g ra jned  

t h a n  t h a t  f r c n  Apol lo  11. knong t h e  c c ~ e  'sanples there i s  a l s o  a 

s l i g h t ,  b u t  neverthsless s i g n i f i c m t ,  v z y i a t i o n  i n  t h e  p a i n  s i z e  

distribution, v5th  the d s e p e r  sanples. b e i n g  r i c h e r  i n  s m l l  par- 

t i c l e s  t h m  t h e  s u r f a c e  and c lose  szbsuri 'ace ozies. Although t h e  

d i f f e r e n c e s  betxeen t h e  var ious  sao3les s h o ~ n  i n  Figures 3 and 11 

are smell, t h e  - d i f f e r e n 2 2  bett;;een  ne Ago110 11 and t h e  A p o l l o  1 2  L' 

s u r f a c e  ssmple s e m s  

two co re  sazples from t h e  r e m i n d e r  of the Apol lo  1 2  material. 

t o  be qui te  d ? f i n F t e ,  as i s ' t h e  d i fTerence  of 

The f a c t  that t h e  g r a i n  s i z e  d i s t r i b u t i o n  i n  t h e  co re  sample 

shops s i g n i f i c a n t  d i f f e r e n c e s  x i t h i n  t e n s  o f  c e n t i E k t e r s  v a r i a -  

t i o n  o f  dep tb  r e q u i r e s  s o ~ e  coz-ment. I f  t h e s e  d i f f e r e n c e s  

r e p r z s e n t  l a y e r s  t r a n s p o r t e d  there  fro3 d i f f e r e n t  l o c a t i o n s ,  t h e n  

t h e s e  l a y e r s  are e v i d e n t l y  only some t e n s  of c e n t i m e t e r s  i n  t h i c k -  

ness. Since  their d e p o s i t i o n  t h e  ground must n o t  have been mixed 

UP and'homogenized on a l o c a l  scale  by s m a l l  m e t e o r i t e  impac t s .  

The d e p o s i t i o n  of l z y e r s  1.12s e v i d e n t l y  a f a s t e r  p rocess  t h z n  any 

t u r n i n g  over  t h rough  the  a c t i o n  of m e t e o r i t e s ,  at any r a t e  a t  

t h i s  p a r t i c u l a r  s i t e .  

If the  s o i l  i s  geneTal ly  found  t o  be  d e p o s i t e d ' i n  l a y e r s  

dist inct  e i t h e r  i n  p a r t i c l e  s i z e  d i s t r i b u t i o n  o r  a lbedo  ( a s  t h e  

. core photographs c l e a r l y  s u e z e s t )  o r  in chemical composi t ion,  (2nd 

the  Apollo 1 2  site seems q u i t e  r e p r e s z n t s t i v e  of most mare ground) 

then t h i s  must have a profound e f f e c t  on the  d i s c u s s i o n  of t h e  

..-, _- ------&-Trr..- .. - ' " , . , - ,yw- ----rz----=- t - * T ~ - - ~ = - w  - ----_... - .. -, 
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der ivaL ion  of the nater iz l .  

mat.eria1 thrown out i n  c ra te r - forming  e v s n t s  a t  a d i s t a n c e  zt 

t ihich t h e  c h a r a c t e r  of t h e  m a t e r i a l  was s u f f i c i e n t l y  d i f f e r e n t .  

Layers  cou3d. b e  preserved  o n l y '  if t h e  ground !.:as ' g radua l ly  b z i n z  

Such 1ay.ers could bc der ived  from t he  

. .  . . . .  ... , . 
. .  

. .  . . .  . .  . . -  . "  . .  . .  . .  . . .  :.. . _  .. . . .  

f i l l e d  i.n, f a s t e r  t han  i t  tias b e i n s  ploxed o v e r .  . The p r o b z b i l i t y  

of adding  some t e n s  of cen t ime te r s  of h e i g h t  p e r  u n i t  t i n e  r x s t  . . 

be greal;er than t h e  p r o b a b i l i t y  of ploviing t o  that. dep th  by a 

1 0 ~ 2 1  impact i n  t he  same p e r i o d .  The s i z e  d i s t r i b u t i o n  of Eisteor- 

ites wou1.d then have t o  be very dif'f'ereiit from . the  lzvr found a t  

the p r e s e n t  t ime, w i th  a remarkable absence of small m e t e o r i t e s .  

The la: found a t  t h e  p r e s e n t  t ime viould c e r t a i n l y  b e  f a r  on t h e  

s i d e  of mzking the  ground ploced o v z r  l o c a l l y  much f a s t e r  t han  

filled i n  from afar .  It i s  for t h i s  reason  t h a t  most i n v e s t i g a -  - 
tors b e l i e v e  t h e  moon has been s u b j e c t  to a l o c a l  "gardening" 

p r o c e s s .  

There i s  another p o s s i b i l i t y  end it i s  connected wi th  t h e  

hypo thes i s  t h a t  t h e  d u s t  i s  s u b j e c t  t o  a s u r f a c e  t r a n s p o r t z t i o n  

p rocess .  

material  eroded auay from higher t e r r a i n ,  then t h i s  w i l l  prcduce a 

layersd s . t ruc tu re  so  long  a s  t he  f i l l i n g  i n  p r o c e s s  i s  faste- then 

the loca l  m e t e o r i t i c  plowin$. 

If t h e  mare ground i s  g r e d u a l l y  b e i n g  f i l l e d  i n  from 

I n d i v i d u a l  l a y e r s  of  r a y  niaterial 

. f rom a d i s t a n t  impact would t h e n  most ly  be p re se rved  by the ac- 

. cumulated overburden. It i s  then  n o t  necessa ry  t o  invoke a very 
. .  

anomalous s i z e  d i s t r i b u t i o n  o f  meteorites i n ' o r d e r  t o  preserve 
. .  

lagers from d i s t a n t  c r z t e r  even t s .  I n  z d d i t i o n  t h e  s u r f a c e  t r a n s -  

portation process i t s e l f  nzy chang;e t h e  s o u m e  of origin of 

material r e a c h i n g . 2  given p o i n t ,  and d i s t i n c t  lzyers m y  zrise 



from t h i s .  c.ause a l s o .  
* 

Figures  5 and 6 conpare t h e  r e s u l t s  obta ined  by e l e c t r c n -  

microscopy and t h e  sedimentat ion coluinn method f o r  t h e ' A p o l l o  11 
. .  . . .  

- .  ' . . .. and ' 1 2  ' b u l k  saiples. 
. . .  .. . . .. . .  

1 .  . .  . ._.. . . . .  

D i e l e c t r i c  C o n s t a n t  Measu.rement . --_____I- 

-. The measurements of th'e high frequency e l e c t r i c a l  p r o p e r t i e s  

a t  lis0 M!Iz do n o t  d i s c l o s e  any marked d i f f e r e n c e  i n  t h e  d i e l e c t r i c  

cons t an t  of po:.rder m a t e r i a l  frorn s f t e  t o  s i t e .  

d i e l e c t r i c  cons t an t  measurements, as a f u n c t i o n  o f  bu lk  pox5er 

I n  F i g w e  7 t h e  
I 

d e n s i t y ,  a r e  shown for two Apol lo  1 2  s i tes - -one  a t  a dep th  ol" 15 cm 

belay: t h e  surface--as  w e l l  as f o r  the Apollo 11 bulk sariple.  The 

two Apollo 12 samples were chosen for t h e i r  c o n t r a s t i n g  p h y s i c a l  

appezrances,  sample 12033 b e i n g  much lighter i n  c o l o r  and f i n e r  

t e x t u r e  thzn  sample 12070.  The v a r i a t i o n  o f  d i e l e c t r i c  c o n s t a n t  

w i t h  d e n s i t y  f o l l o o s  t h e  Rayleigh formula (Campbell md U l r i c h s ,  

.1969) i n  a l l  c a s e s  and, indeed, a s i n g l e  such curve  fits - a l l  t he  

data w i t h i n  21 percen t  except ing  on ly  t h e  h ighes t  d e n s i t y  p o i n t  

of s a x p l e  12070. The ground-besed radar determinatio??s of t he  di- 

e l e c t r i c  c o n s t a n t  are i n  complete accord with t h e s e  msasuressnts i f  

one assumes a d e n s i t y  of about 1 .7  g ~ r n ' ~  f o r  t h e  s o i l  at a dep th  
'. of 20 cm, an assumption which does no v io l ence  to the  .known proper-  

ties of the  s o i l .  

Also shown on F igure  7 are d i e l e c t r i c  cons tan t -dens i ty  p o i n t s  

for f o u r  s o l i d  l u n a r  rocks, two each  from Apollos 11 2nd 1 2 .  -The 

l a t t e r  p a i r ,  12063 knd 12065, are very s imilar  p e t r o l o g i c a l l y  and 

lie closely a d j a c e n t  ' i n  the f i g u r e .  Some allotrance should 3 s  



change the s c a t t e r  of the p o i n t s  corrcsponding t o  this smal l  b u t  

not a t y p i c a l  s e l e c t i o n  of  r o c k s .  None of t h e  f o u r  solid r o c k s ,  . .  
, . ,  . ... . .. . .  . .: . . :  ' , . .: . . . . .  . .. . .  . . . . . . .  . .  

nor any mixture  of thex ,  could be gpound t o  a poxder  with t h e  

e l e c t r i c a l  p r o p e r t i e s  of the d u s t  samples, a conc lus ion  i n  vhich  

we concur with the m i n e r a l o g i s t s  . , 
Figure  8 shows i n  a s imilar .  v:ay t h e  v a r i a t i o n s  wi th  densl. ty 

of t h e  abso rp t lon  l e n g t h  i n  t h e  posder  s e n p l e s ,  w i t h  p o i n t s  f o r  

t h e  f o u r  s o l i d  rocks i n  a d d i t i o n .  Again, assuming p l a u s i b l e  den- 

s i t i es  f o r ' t h e  powder a t  dep ths  of a few cet)timeVers, t h e  data  

agree  e i t h  pr ior  ground-based r a d i o t h e m a 1  o b s e r v a t i o n s  by  T r o i t s k y  

and o t h e r s .  

Op t i ca l  - P r o p e r t i e s  

The o p t i c a l  r e f l e c t i v i t y  and p o l a r i z a t i o n  of t he  Apollo 1 2  

s .oi l  sample were measured a s ' a  f u n c t i o n  of phase ar,gle wi th  t h e  
, 

,same instrument  and i n  t h e  same manner as done p r e v i o u s l y  f o r  the 

Apo'l-lo 11 samples ( 2 ) .  Both Apo1l.o 11 and 1 2  samples were pre- 

pared by gradua l ly  dropping t h e  f ine-gra ined  s o i l  from a height  

of about 2 cm onto a sample t r a y .  

F i g u r e s  9 and 1 0  i n d i c a t e  the dependence of r e f l e c t i v i t y  ar.d 

p o l a r i z z t i o n  on phase ang le  f o r  two viewing a n g l e s ,  L ,  .of' 0' and 

GO', as 'measured from the  normal t o  t he  s u r f a c e  o f  t h e  sample.  

While the Apollo 11 and 12.szmples have similar photometr ic  cu rves ,  

t h e  Apollo 12 sanp le  i s  n o t i c e a b l y  b r igh te r  t h a n  Apollo 11 

(Figure 9). 

and normalized t o  the  normzl a lbedo  of the p,pollo 11 s a i p l e .  

The curves  labeled "Moon1' Ere t a k e n  from Ha?ke C3) 
- ( I  

The 
. .  
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Apol lo  1 2 ' s o i l  has a norriial a lbedo a t  . 5 G p  wavelcr@h of  . l 2 5 +  ,003 

as conipared wi th  .102+.003 f o r  t h e  Apollo 11 sample. Moreover, 

. . .  . . . . . .  . . . .  . . . .  . . . . .  . . . . . . . . . .  . . . . . . . .  . . .  ... 
t h e  Apolio 12 s o i l  i s  r edde r  than  bo th  the Apollo s o d 1  and t h e  

mean v a l u e  for t h e  moon ( ' I ) .  

greater  reddening  with phase angle  t h a n  the Apollo 11 s o i l .  

c=60°,  t h e  photometric f u n c t i o n s  of  bo th  the  Apollo 11 and 1 2  

s o i l s  i n d i c s t c  a f l a t t e n i n g  -. toward larger phase a n g l e s  CoiIlpal-eCZ 

w i t h  t h e  l u n a r  curve .  The . d i f f e r e n c e  can probably  be a t t r i b u t e d .  

. .  . .  . .  * , . - .  

F i n a l l y ,  th t?  A p o l l o  1 2  s o i l  shows 

A t  

~. 

t o  l a rge  s c a l e  roughness of t he  l u n a r  s u r f a c e  as observed from 

t h e  ea r th .  

I n  F igu re  1 0  t h e  p o l a r i z a t i o n  of the  Apollo 1 2  s o i l  i s  very  

similar t o  tha t  of  the moon as a whole (3 ) .  However, f o r  ~ = 6 0 * , '  

both samples show peaks i n  p o l a r i z a t i o n  .at grea te r  phase  a n g l e s  

t h a n  f o r  the moon (5 ) .  

sample is in ,  good agreement with ear th-based o b s c r v a t i o n s  ~ while 

The maximum p o l a r i z z t i o n  from t h e  Apollo 1 2  

tha t  of Apollo 11 i s  anomalously high..  The i n t e r p r e t a t i o n  of these . .  

data i s  somewhat u n c e r t a i n ,  however, because of such f a c t o r s  as 

. compaction, i n t e r a c t i o n  w i t h  mois ture  and r e l a t i v e  q u a n t i t i e s  of _ _  _ -  . _  

s u r f a c e  and subsu r face  s o i l  conta ined  i n  a g iven  sample. 

A s tudy  of t h e  dependence of p o l a r i z a t i o n  and r e f l e c t i v i t y  

. on the degree of compaction, along with spec t rophotometry  of 

Apollo 1 2  s o i l  and rocks,  w i l l  be r e p o r t e d  elsewhere. ( 6 ) .  
. .  
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Figure  Ca?tions - . 

F i g u r i  '1.. The cumulative p a r t i c l e  
. .  

s i z e  d i s t r i b u t i o n  f o r  t h e  Apo l lo  

11 and 12 bulk  f i n e s ,  determined from electronmFcroscope data. 
_ .  . . . .  

. .  
. ... '-.. . . :I .. , .:. . .:. ' .  . ;. .. . . . . . _ . . .  - 

The d i f f e r e n t i a l  p a r t i c l e  s i z e  d i s t r i b u t i o n  f o r  t h e  

._  .. . - .  . :: . . . :. ._ . . .. , . . .  ,' 
. .  . . .  

I 

. _. . .  . __-- .-. 

\ 
Figure 2. 

Apollo 11 and 1 2  bulk f i n e s ,  de t e rn ined  f r o 2  e lec t ronmicroscop2 Cztz.. 

. .  
F i g u r e  3 .  The d j . f f e r e n t i a 1  p a y t i e l ?  s l z z  d i s t r i b u t i o n  for t h e  

Apollo 11 znd 1 2  bulk f i n e s ,  detelmined with the sediment:ation 

coluxn method. 

F i g u r e  4. The d i f f e r e n t i a l  p a r t i c l e  s i z e  d i s t r l b u t i . o n  for t h e  

Apollo 1 2  b u l k  and co re  samples,  d e t e r n i n e d  wi th  the  sedin iez ta t ion  

column method. 

F i g u r e  5. 

1.1 bulk f i n e s .  

D i f f e r e n t i a l  p a r t i c l e  s i z e  d i s t r l b u t i o n  for t h e  Apollo 

Curve f i t s  t h e  e l e c t r o n  microscope data, s e d i -  

rnentzt ion d a t a  are a l s o  shown. 

. .  

F i g u r e  6 .  D i f f e r e n t i a l  p a r t i c l e  s i z e  d i s t r i b u t i o n  f o r  the Apol lo  
'- 

12 b u l k  f i n e s .  Curve fits the  e l e c t r o n  microscope data,  sedinen-  

t a t i o n  data a r e  a l s o  shown. 
. .  

Figure 7 .  D i e l e c t r i c  cons t an t  measure iknts  f o r  two Apollo 12  

powder sainples and the Apollo 11 b u l k  s a n p l e ,  as a f u n c t i o n  of 
. .  

bulk powdcr d e n s i t y .  D i e l e c t r i c  c o n s t z n t  vs. d e n s i t y  p o i n t s  f o r  

- four s o l i d  l u n a r  rocks  are a l s o  s h o m .  
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Figure 8. The v a r i e t i o n  w i t h  ciensity or" t h e  a b s o r p t i o n  l e n g t h  i n  

two Apol lo  12 porider samples ami t h e  Apol lo  11 bulk sample. 

P o i n t s  for f'oxr s o l i d  rocks ere also shoxn.  
. . . . . . . .  . . . . .  . . .  . . . . . . .  .. -._ . . . . . .  . ;..- - .. . . ' . .  ..- :: . . . . . .  . . . . . . .  . .  

. ,  . .  . -  
. .  

. .  ..: . 

Figure  9 .  ( a )  Reflectivity of the  Apollo 11 and 12 s o i l  vs phase 

angle a t  . 5 6 p  vmvelength  for. viewing m g l e s  E=-0 0 and 6 0  0 . (b) 

Color i n d z x  B-7,' of t h e  p o ~ d e r  szrples i s  phase angle  f o r  c=O 0 . 
u 

Also p l o t t c d  2re (c) t h e  reddening ju.ncCion of t h e  e n t i r e  moon, 

as d e t e r a l n e d  by Gehrels e t  a l .  ( 4 ) ,  ar_=t ( d )  B-V v a l u e s  f o r  a 

r e g i o n  Of Tranquillitatis. 

Figux-2 10. The p o l a r i z a t i o n  of t he  Apol lo  11 2nd 12 powders 

vs phase angle  zt 

60'. 

. 5 6 p  vave length  for viewring a n g l e s  c=O 0 arid 

. 

. .  
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